INTRODUCTION
One of the most abundant proteins in nature is the enzyme ribulose-1,5-bisphosphate (RuBP) carboxylase. This multimeric enzyme which catalyzes the first step in the Calvin cycle accounts for approximately 50% of the soluble protein in leaves'!. The approximately 550,000 MW holoenzyme is composed of 8 large subunits and 8 small subunits 2 . The 53,000 MW large subunit (LSU) is encoded and synthesized in the chloroplast where the holoenzyme functions 3 . The 14,000
MW small subunit (SSU) is encoded in the nucleus 4 and synthesized on cytoplasmic ribosomes as a 20,000 MW precursor. This precursor is transported into the chloroplast with removal of an amino terminal transit peptide 5 . 6 .
The level of SSU protein in leaves has been shown to be regulated by light?. The SSU mRNA levels increase in light and this increase has been shown to be modulated by phytochrome [8] [9] [10] [11] [12] . SSU protein is encoded by only a few nuclear genes. Numbers of 6-10 copies per genome have been reported 11 . 1314 .
Conversely, the LSU gene encoded by the chloroplast genome is present at several thousand copies per cell 15 . For this reason, the sequences of SSU genes that allow for light regulation and the coordinate regulation with LSU gene expression are of great interest.
We report here the isolation of SSL) genes from Nicotiana tabacum. Of the two genes characterized, one is a transcriptionally active pseudogene, the first such gene reported for plants. N. tabacum is an amphidiploid that arose from N. sylvestris and N. tomentosiformis™. The SSU proteins from these species differ slightly in amino acid sequence 17 and thus their genes can be distinguished. This offers the opportunity to trace the fate of genes from both parents in the resultant amphidiploid.
MATERIALS AND METHODS
Bacterial Strains. Plasmids. and Enzvmes The lambda phage Charon 32 18 was grown in either LE392 (F-hsdR514 supE44 supF58 lacY1 or Iac(l-Y)6 galK2 galT22 metB1 trpR55 X-) 19 or K802( P metB1 A(lacl-Y)6(lac-3) or lacY1 galK2 galT22 V supE44 hsdR2 ) 20 . E. coli 71 -18 (A(lac-proAB) supE thi F 1 lacl<*Z M15 proA+B+) ) 21 was routinely used for transformations with phages M13 mp18 and M13 mp1922. The E. coli strain 71-18 was routinely grown on 2YT medium 23 while LE392 and K802 were grown on NZYM media 24 . Plasmid pSS15 1 3 contains an 850 bp pea SSU cDNA and plasmid pSTV 34 s5 contains an 185 bp N. sylvestris SSU cDNA
Restriction enzymes and Ba/31 were obtained from Bethesda Research Laboratories, T4 ligase from Promega Biotech, T4 kinase from PL Biochemicals, and AMV reverse transcriptase from Life Sciences. All enzymes were used in accordance with supplier's instructions. General cloning procedures are as described 24 . Oligo dT cellulose was from Collaborative Research. All 32 P-labelled radionucleotides were from New England Nuclear. Isolation and Mapping of Tobacco SSU Genes A tobacco (N. tabacum 'Samsun') EcoRI partial library in Charon 32 was kindly provided by Dr. Robert Goldberg (UCLA). The library was screened for members of the RuBP carboxylase SSU gene family with a ^P-labelled pea SSU cDNA probe (see probe E below). The phage library was plated using either LE392 or K802 as a host. Phage DNA was transferred to Gene Screen Plus (New England Nuclear) filters using the method of Benton and Davis 26 except that the lysis solution was 0.5M NaOH, 1.5M NaCI. Filters were neutralized in a solution of 0.5M Tris-HCI pH7.5, 1.5M NaCI and rinsed in 2x SSC, 0.1% SDS. Prehybridization, hybridization and washing of filters were done at 33°C as previously described 27 .
Three positive SSU clones selected after autoradiography (designated TSSU3-1, TSSU3-2 and TSSU3-8) were replated and rescreened until plaque purified. Phage stocks were made and large scale DNA preparations performed as described 24 .
SSU coding sequences for each of the three isolates were located by restriction mapping as described by Maniatis et al 24 using the 32 P-labelled pea SSU cDNA (probe E). 5' and 3 1 orientations of the SSU genes within the insert were determined by hybridization at 42°C with a 32 P-labelled N. sylvestris SSU cDNA that contains only 3' coding sequences (probe A). Subclonina and Sequencing A 3.4 kb EcoRI fragment containing the TSSU3-8 gene was subcloned into M13 mp18. From these original subclones various smaller fragments were generated by restriction digestion or Ba/31 deletion and subcloned as needed to complete the sequencing. For the TSSU3-2 gene, a 4.0 kb Kpn\ fragment from the original lambda vector was subcloned into M13 mp18 and M13 mp19. Smaller subclones were generated as needed from a variety of restriction fragments. In addition, overlapping clones derived from the method described by Dale et al 28 ,
were constructed as necessary to complete the sequencing. Both TSSU3-8 and TSSU3-2 were sequenced using the dideoxy chain termination procedure^. The Maxam and Gilbert method of chemical cleavages was employed where necessary 30 . Both strands of the DNA were sequenced and all sequences in both strands were overlapped. Sequence analysis was aided by computer programs from Intelligenetics, Inc. Probe Description and Preparation Qliqomers. Synthetic oligomers were synthesized on an Applied Biosystems (Foster City, CA) 380A DNA Synthesizer. Oligomers were detritylated and those used in primer extension analysis were utilized without further purification. Those used as probes were gel purified in accordance with the instructions provided by Applied Biosystems. Oligonucleotides used as probes for Northern and Southern analysis were 5'-end labelled by a procedure modified from Berent et al 31 32 . Southern analysis was done as previously described 27 with slight modifications; agarose gels were 0.8%. Prehybridization and hybridization were at 42°C with washes at 55°C. RNA Isolation and Northern Analysis RNA was prepared from tobacco leaf tissue (A/, tabacum 'Xanthi nc') by a slight modification of the guanidine thiocyanate procedure of Colbert et al 33 as previously described 34 . PolyA+ RNA was purified over oligo (dT) cellulose as described 24 .
RNA denaturing gels were run, and blotted as previously described 34 . Northern blots probed with synthetic oligomers were prehybndized and hybridized at 37°C in 0.9 M NaCI, 6 mM EDTA, 20 mM Tris-HCI pH 8.0, 1x Denhardt's, 10% dextran sulfate, 100 ng/ml denatured herring sperm DNA (as modified from Torczynski et al 3 5) . After hybridization, filters were washed in 5x SSC, 0.1% SDS, 2x 30 minutes at 37°C, then 2x 20 minutes at 45°C.
Primer Extension Analysis
The procedure for the primer extension reactions was modified from Lee and Luse 36 . For each reaction, 1.0 ng of polyA+ leaf RNA and 0.2 ng of the appropriate synthetic oligomer were ethanol precipitated. The nucleic acids were dissolved in 10 nl of 0.1 M NaCI, 20 mM Tris-HCI pH 8.0, 0.1 mM EDTA, denatured at 100°C for 2 minutes, and incubated at 60°C for 6 hours. Two ^l of 400 mM Tris-HCI pH 7.0, 50 mM MgCl2, 20 mM dithiothreitol was added. After 5 minutes on ice, 1.5 \ii H2O, 2 |i.l nucleotide mix (2 mM each of dATP, dCTP, dGTP, and TTP with 20 mM Tris, pH 7.5), 4 \i\ [y-3Z P] dCTP (10 \iCU\ii, New England Nuclear, Boston, MA) and 0.5 nl AMV reverse transcriptase (10 units/nl) was added. Reactions were incubated at 37°C for 30', extracted with phenohchloroform (1:1), and again with chloroform before ethanol precipitation. To provide accurate size standards, the identical primers used for the primer extension reactions were used to prime dideoxy sequence reactions 29 on single stranded template from M13 mp18 or M13 m19
phages containing 5' regions of the appropriate gene. Primer extension reaction products and the dideoxy sequence standards were run on 12% (w/v) polyacrylamide/urea sequencing gels as described 29 . Gels were subjected to autoradiography.
RESULTS

Preliminary characterization of oenomic isolates
Screening of an N. tabacum cv. 'Samsun' genomic library was performed with SSU cDNAs from both pea and N. sylvestris. The pea cDNA clone, pSS15 13 , designated probe E, contains the entire mature coding sequences plus some of the sequences for the transit peptide. The N. sylvestris cDNA, PSTV34 25 , designated probe A, contains only the 3' half of the mature coding region. Three phage isolates, TSSU3-1, TSSU3-2, and TSSU3-8, were obtained. Maps of these clones are shown in Figure 1 . Clones TSSU3-1 and TSSU3-2 contain entire genes while clone TSSU3-8 contains only the 5' half of a gene. (The rest of the gene was presumably not cloned in the EcoRI partial digest that gave rise to TSSU3-8.) Previous studies in Lemna, pea, and petunia 14 ' 15 -37 . 38 have indicated the SSU genes can be closely linked. The restriction pattern for these clones indicated that this was not the case for the particular clones isolated here. This was confirmed by performing Southern hybridizations between the three clones (data not shown).
Comparisons of the maps of TSSU3-1, TSSU3-2, and TSSU3-8 with those of the two tobacco SSU genes previously cloned 39 also indicate that these phage contain SSU genes different than those previously reported.
3-1 1 L-ffT I -H 1 1_ Figure 1 . Schematic representation of the three small subunit genes. E = EcoRI; S = Sp/Jl; B = Ba/nHI; K = Kpn\. IM » SSU gene regions; t=i = tobacco DNA cloned inCh32; =Ch32.
Sequence analysis
The SSU genes and flanking regions in TSSU3-2 and TSSU3-8 were sequenced. Using sequences of other SSU genes, the leader peptide, mature coding regions and introns were located. In Figure 2 , the sequence of these two genes is shown and compared to that of a previously sequenced tobacco SSU gene, NISS23 39 .
As mentioned, clone TSSU3-8 contains only the 5' half of the coding region and ends at an EcoRI site frequently found in the second exon of SSU genes 11 . 39 -40 . The position of the first intron is the same as that found for other small subunit genes 11 ' 39 . Comparison of TSSU3-8 to NtSS23 shows a striking degree of homology. The sequences from the ATG to the EcoRI site, including the intron, are identical. This is unexpected as intron sequences frequently vary more between analogous genes than do coding sequences 41 . That TSSU3-8 and NtSS23 are indeed different genes can be confirmed by looking at the sequences upstream of the ATG. Between -400 and the ATG there is approximately 90% homology between the two genes. Further upstream, the homology decreases.
The homology between TSSU3-2 and NtSS23 is less than that between TSSU3-8 and NtSS23. This is true for all regions examined; coding regions, introns, and flanking sequences. Within the coding region alone, there are 60 nucleotide differences between NtSS23 and TSSU3-2. These variations in the coding region lead to eleven amino acid changes between TSSU3-2 and NtSS23. One of these produces a translations! slop codon in the leader sequence, two amino acids before the processing site (see Figure 2) . Thus, TSSU3-2 could not produce SSU protein and is therefore a pseudogene. Most dicot SSU genes sequenced to date have two introns at conserved sites 11 two introns, both occurring at the predicted sites. The sequences at the intron-exon junctions follow the rules for eukaryotJc genes and thus in theory, could function as splice sites. NtSS23 is one of the few dicot SSU genes sequenced that has three introns 39 . The first two introns of NtSS23 occur at the same sites as in TSSU3-2.
Comparison of the sequences within these introns shows no homology beyond the junction sequences. There are small regions of homology within the first 150 base pairs upstream of the ATG, but beyond that no significant homology is found. The mature SSU protein of N. sylvestris differs at three amino acids from that of N. tomentosiformis^. N. sylvestris mature SSU has Ile-Asn at positions 7-8 and a His at position 48, whereas N. tomentosiformis has Tyr-Gly and Arg, respectively, at these positions. Thus TSSU3-2 originated from the/V. sylvestris parent as did TSSU3-8 and NtSS2339.
Determination of TranscriDtional Initiation Sites
The TATA box, a region located between -35 to -30 base pairs from sites of RNA initiation, has been shown to be necessary for RNA transcription in eukaryotes. Both TSSU3-8 and TSSU3-2 have putative TATA boxes (see Figure  2) , located 109 and 78 base pairs from their respective initiation ATGs. The TATA boxes of SSU genes published to date show a remarkable similarity and a consensus sequence for the TATA boxes of SSU genes has been proposed 42 .
The TATA of TSSU3-8, CATTATATATAG, matches the consensus exactly. The TATA of TSSU3-2, CACTATATATAG, differs only at one nucleotide. Thus both genes appear able to function transcriptionally, although TSSU3-2 has a stop codon in the transit peptide coding region. The functionality and transcription initiation sites of TSSU3-8 and TSSU3-2 were determined by primer extension analysis. Two 30 base oligomers, complementary to the first 30 nucleotides upstream of the ATG in TSSU3-8 (probe 1) and TSSU3-2 (probe 4) were used. Due to the similarity between TSSU3-8 and NtSS23 in this region, probe 1 will hybridize to at least both TSSU3-8 and NtSS23 transcripts but not to TSSU3-2 transcripts. To determine the 5' end of TSSU3-8, probe 1 was annealed to tobacco polyA+ RNA and extended in the presence of 32 P-dCTP and unlabeiled dATP, dTTP, and dGTP. The results are seen in Figure 3 . The band indicated by the upper arrow corresponds to a 5' terminus at 5' CATC. This start site is 33 base pairs from the TATA box. A set of bands 11 to 13 base pairs below the first band is also seen in the primer extension lane. As mentioned earlier, probe 1 would also hybridize to transcripts from NtSS23; the only difference in this 30 base pair region being a two base pair insertion in TSSU3-8. Using 33 base pairs as a common distance between TATA and cap site, NtSS23 transcripts would be 12 base pairs shorter than those of TSSU3-8. Thus, these lower bands could be attributed to NtSS23 and possibly other SSU genes. The 5' end of TSSU3-2 ( Figure 3 ) was determined in the same manner. The arrow corresponds to a band, indicating the site of initiation is at AAGG, 32 base pairs from the beginning of the TATA box.
Smaller bands beneath the arrow are believed to be due to impurities in the synthetic primer. 
Determination of levels of expression
Relative levels of expression of the SSU genes were determined by Northern analysis using synthetic probes (Figure 4 ). Probe 1, as mentioned above, will hybridize to at least TSSU3-8 and NtSS23. Probe 4, as determined by Southern analysis, (data not shown) hybridizes exclusively to TSSU3-2. Probe 10, (also a 30 base oligomer) is complementary to sequences in the first exon of TSSU3-8, and because of conserved sequences in this region, should hybridize to transcripts of the entire SSU family. That TSSU3-2 is a transcriptionally active pseudogene is demonstrated by the detection of a transcript, albeit a low level one, by probe 4 (Figure 4, lane 4) . Comparisons of relative levels of expression among TSSU3-8, NtSS23 and the rest of the SSU gene family is clouded somewhat by the lack of proven exclusiveness of probe 1 to TSSU3-8 and NtSS23. It can be said, however, that transcripts detected by probe 1 make up a major portion of the entire SSU gene family transcription, as determined by probe 10 ( Figure 4, lanes 2  and 3) . Conversely, transcription attributed to TSSU3-2 probably constitutes less than 1% of the SSU total ( Figure 4, lanes 2 and 4) . Southern analysis Southern analyses were performed on genomic DNA cut by EcoRI from tobacco cultivars 'Samsun' and 'Xanthi nc', as well as tobacco parental species N. sylvestris and N. tomentosiformis. All tobacco SSU genes characterized to date have an EcoRI site in the second exon (TSSU3-8, TSSU3-2, this paper; NtSS2339. This gives a high probability of being able to distinguish between members of the gene family due to the variance of surrounding EcoRI sites. A variety of probes were used for hybridization. Probe D, possessing only 3' regions from N. sylvestris, is used in Figure 5A . In the tobacco cultivar 'Samsun' (lane 2), six distinct bands are detected, suggesting a SSU gene family of at least six members. In 'Xanthi nc' (lane 3), only five bands are detected, indicating one member of the gene family has been lost, or rearranged so as to be masked in this analysis. N. sylvestris and N. tomentosiformis both show four bands, having two bands in common, both smaller than 0.5 kb. As indicated by sequence analysis. sequences highly homologous to those of an already published tobacco SSU gene, NtSS23. The degree of homology, 100% in coding region and intron, is so far unique within members of SSU gene families. Although high degrees of homology have been found among SSU genes from the same species (see for example pea 43 and soybean 44 ), none have been reported with this high degree of homology. The three tobacco SSU genes isolated here have not been shown to be in close proximity to each other on the chromosome, although it has been shown that 3 petunia SSU genes and some pea SSU genes 14 -15 can be mapped closely to each other. It is possible that NtSS23 and TSSU3-8 represent two SSU genes in the tobacco genome whose similarities could arise from gene duplication and/or gene conversion. Since NtSS23 and TSSU3-8 are present (by genomic Southern analysis) in both tobacco and N. sylvestris, it is possible that such a gene duplication event, if it occurred, took place before the hybridization event that gave rise to tobacco. Tobacco is thought to have arisen relatively recently 45 -46 . As' gene conversion between duplicated genes can make them appear more similar than would be predicted from the time elapsed since duplication 47 -48 , this lends credence to the idea that gene conversion may have also played a role in the similarities observed between NtSS23 and TSSU3-8. Gene conversion has been used to explain the identical coding regions but different flanking and non-coding sequences of two y-interferon genes 49 .
Although the similarity between NtSS23 and TSSU3-8 is less upstream of the ATG, there is still significant homology in this region. The 405 bp upstream of the ATG show 93% homology. Southern analysis of tobacco DNA with a probe covering this region hybridized to 4 out of 6 bands found with a probe covering the 5' coding region. Two of these four bands correspond to NtSS23 and TSSU3-8, and are present in N. sylvestris, whereas the other two are not. Sequences in this upstream non-coding region may well be important in maintaining levels of expression and light inducibility. A short conserved sequence surrounding the TATA box in pea SSU has been shown to confer light inducibility 42 . However, sequences further upstream of these sequences in pea SSU have been shown to be necessary for high levels of expression 50 . A pea SSU fragment spanning -327
to -48 has been found to confer good levels of light inducibility 51 . The sequences in the 5' flanking region of these four tobacco SSU genes may have been conserved over time to allow effective control of expression. Both TSSU3-8 and NtSS23, which have these sequences, are highly expressed. The pseudogene, TSSU3-2, does not share significant homology in this region and is not highly expressed.
The multitude of bands seen on a genomic Southern with a larger (1.4 kb) 5' probe indicates that the tobacco SSU gene TSSU3-8 lies adjacent to a repeat which is present in many places in the genome. The role of this repeat cannot be ascertained from the data presented here.
The sequence of TSSU3-2 indicates it is a pseudogene; however Northern analysis and primer extension studies indicate it is transcribed. Pseudogenes have been found previously in multigene families; several examples of this can be seen in the globin gene family 52 . Several pseudogenes have also been found in plants.
In petunia, two fragments have been found that contain only the 3' end of SSU genes 14 . Similarly in tomato, a fragment containing sequences homologous to the 3' end of CAB genes has been found 53 .
Most pseudogenes isolated to date are not able to function transcriptionally and specifically in plants no transcriptionally active pseudogenes have been reported. However, transcriptionally active human interferon, Xenopus 5S and goat globin pseudogenes have been found 54 -55 -56 -57 . Two of these are active only in vitro due to defective polyadenylation or termination regions 56 -57 . The fact that the pseudogene, TSSU3-2, can still function transcriptionally in vivo suggests that it has been a pseudogene for a relatively short time. It is possible that it became a pseudogene after the hybridization event that gave rise to tobacco as a species.
The relatively large amount of nucleic acid and amino acid changes observed in TSSU3-2 is consistent with the fact that pseudogenes diverge more rapidly than non-pseudogenes 58 -59 . More information on the evolution of this gene will be obtained if SSU genes from N. sytvestris are cloned and sequenced.
